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Is It Better to Use Gate Opening as Control Variable than
Discharge to Control Irrigation Canals?
Klaudia Horváth1; Eduard Galvis2; Manuel Go´mez Valentín3; and José Rodellar Benedé4
Abstract: Centralized model predictive controllers are common in water systems. The control action variable can be the discharge, and the
subsystems (canal pools) are modeled separately. This paper focuses on short canal pools where the interactions are stronger between canal
pools. Could this procedure be better if gate openings were used as control action variables and the interconnected system were modeled for
the controller? Model predictive controllers (MPCs) were developed using the discharge and the gate opening as control action variable and
tested experimentally using the laboratory canal of the Technical University of Catalonia. It was found that for centralized MPCs for short
canal pools, the use of gate opening as control action variable is more beneficial than discharge. Another additional advantage is that in this
way it is possible to put constraints on the gate opening and the change of gate opening, which are important to the limitations of the physical
system. DOI: 10.1061/(ASCE)IR.1943-4774.0000798. © 2014 American Society of Civil Engineers.
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Introduction
Canal automation in irrigation canals is a way to reduce water
losses and have more ecological and economic use of water. Irri-
gation canals can be controlled in a centralized (Rivas-Perez et al.
2002; Montazar et al. 2005; van Overloop et al. 2010a), decentral-
ized (Li et al. 2004; Lemos et al. 2007; Go´mez et al. 2002), or dis-
tributed manner (Maestre Torreblanca 2010). For decentralized
control, each canal pool is controlled separately without sharing
information about the state of the other pools. For centralized con-
trol, all measurements are sent to a central unit and a decision is
made about the control movement taking into account the state of
the whole canal system. A third alternative between centralized and
decentralized approach is distributed control, when each controller
of the subsystems communicates an order to find a cooperative
solution for the overall control problem.
For all types of control architecture, different control action var-
iables can be used: discharge or gate opening. When gate opening
is used as control action variable, the controller calculates directly
the gate opening and sends this information to the actuator (gate
position controller). When the discharge is the control action var-
iable, the controller calculates the discharge and the openings are
set based on the desired discharge. The way of setting these gate
openings can be another automatic controller with a higher sam-
pling rate [like a proportional-integral-derivative (PID) controller]
or an equation converting the discharge into gate opening. This
equation can be the inverted gate equation or a more complex equa-
tion incorporating the changes of water level during a sampling
instant (Litrico et al. 2008).
For decentralized control, the goal is to reduce the coupling
between the subsystems because it can cause performance
degradation (Welz et al. 2005; Li and De Schutter 2010). One de-
coupling method is using the discharge as control action variable
(Schuurmans 1997). The choice between discharge or gate opening
as control action variable has been investigated in Malaterre and
Baume (1999). Four different types of benchmark canals have been
studied by using decentralized PI controllers. In all cases the sce-
nario of using discharge as control action variable with another con-
troller taking into account the anticipated water level changes gave
the best results.
However, the choice of control action variables has not been
analyzed yet for centralized and distributed systems. For both
control configurations it raises interest in how the choice of the
control action variables can effect the performance of the controller.
This paper focuses on the centralized configuration. For model pre-
dictive control (MPC) of centralized systems, the goal is to have a
model that is able to describe the whole system dynamics. In this
case it might be preferable to use gate openings as control action
variable. This question is investigated in this study for short
canal pools. These canal pools are completely affected by back-
water, therefore a disturbance from downstream can reach the
upstream end of the canal. Therefore the interaction between
canal pools is more prominent, hence a difference is expected be-
tween the different use of control action variables. The hypothesis
is that for centralized MPC of short and resonance-sensitive canals,
it is better to use gate openings as control action variable than
discharge.
This hypothesis is investigated through numerical and experi-
mental models. Model predictive controllers are developed and
implemented in the laboratory canal of the Technical University
of Catalonia. First, the gate modeling then the different models
are discussed. Next the controller development is described, and
finally the experimental results are shown and discussed.
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Description of the Laboratory Canal
The Canal de Prueba de Algoritmos de Control–Universitat
Politécnica de Catalunya (UPC-PAC canal) is located in Barcelona,
Spain, at the Northern Campus of the Technical University of
Catalonia. It was specially designed to develop basic and applied
research in the field of control of irrigation canals. It has a serpen-
tine shape in order to achieve the greatest length using a small
surface area. The canal has zero slope. In this way it is possible
to achieve considerable time delay, approximately 80 s. The geo-
metrical data are summarized in Table 1, where n is the Manning’s
roughness coefficient, B is the channel width (m), Sb is the bottom
slope (m=m), and L is the length (m) of the canal pool. There is a
constant level reservoir at the upstream end. It is connected with a
sluice gate to the canal. Altogether the canal contains four operative
motorized sluice gates, therefore it is possible to divide it into four
pools. There is a sharp-crested weir with variable height at the
downstream end. The same structures are found at the downstream
end of every pool to model the gravity offtakes for irrigation (with
minimum height of 34.3 cm). The maximum discharge that can
circulate is 150 L=s.
There are nine pressure sensors that are used to measure the
water levels. The data from the water level and gate opening meas-
urement are connected to a supervisory control and data acquisition
system (SCADA). The SCADA system was developed inMATLAB
and Simulink environment, which makes straightforward the test of
any control algorithm developed in Embedded MATLAB language
(MATLAB 2010).
The UPC-PAC is short, completely affected by backwater. Due
to the low friction and zero slope, one wave can travel several times
back and forth before it finally dampens. This phenomena is known
as resonance. A detailed description of this phenomena can be
found in van Overloop et al. (2010a).
More information about the laboratory canal can be found in
Sepúlveda (2008).
Modeling
First the general modeling approach is explained. Then the gate
modeling is introduced, followed by the introduction of the particu-
lar model. Finally, in the last two parts of this section the state space
models are described in detail for each case: using the discharge
and the gate opening as control action variable.
General Model of the Canal Pool
The model for control purposes will be presented in the continuous
frequency domain, the Laplace domain (Ogata 2010). All variables
are deviations for the nominal variable around a chosen steady state
(Table 2). During all the experiments this linearization is used.
Hence the relative water level, hereinafter referred to as water level,
is equal to
hiðtÞ ¼ HiðtÞ −H0i ð1Þ
whereHi = absolute water level;H0i = nominal water level belong-
ing to the steady state shown in Table 2; and hi = relative water level
that is going to be used. Subsequently, the quantities relative to the
steady state will be noted with lower case letters. If not stated
otherwise, these relative quantities will be discussed.
In order to construct the state space model from the gate models
and the models of the canal pool described in the Laplace domain,
the following transfer functions are needed, where s is the Laplace
operator:
1. From the upstream water level to the upstream discharge
p11ðsÞ ¼ ½huiðzÞ=½qiðsÞ;
2. From the upstream water level to the downstream discharge
p12ðsÞ ¼ −½huiðzÞ=½qiþ1ðsÞ;
3. From the downstream water level to the upstream discharge
p21ðsÞ ¼ ½hiðzÞ=½qiðsÞ; and
4. From the downstream water level to the downstream discharge
p22ðsÞ ¼ −½hiðsÞ=½qiþ1ðsÞ where hi = downstream and hui =
upstream water level, and qi = upstream and qiþ1 = down-
stream discharge (Fig. 1).
The last two items can also be used to model the disturbances
(offtakes at the downstream end of the canal). The transfer func-
tions can be summarized in matrix form
huiðsÞ
hiðsÞ

¼

p11ðsÞ p12ðsÞ
p21ðsÞ p22ðsÞ

qiðsÞ
qiþ1ðsÞ

ð2Þ
These transfer functions can be obtained by system identification
(Weyer 2001) or by using any simplified hydraulic model. Some
examples are integrator delay (ID) (Schuurmans et al. 1995) or
integrator delay zero (IDZ) (Litrico and Fromion 2004). The
UPC-PAC has significant resonance. The problem of resonance
of canal pools is first dealt with in Schuurmans (1997) and later
in van Overloop (2006). In van Overloop et al. (2010a), a model
was developed especially for resonant canals, which is used in this
paper. The detailed modeling can be found in Horváth (2013).
Integrator Resonance Model
The intergrator resonance model was developed in van Overloop
et al. (2010a) and first applied in van Overloop et al. (2014).
Table 1. Geometric Parameters of the UPC-PAC
Parameter Value
n 0.016
B 0.44 m
Sb 0 m=m
X 220 m
Pool 1 87.0 m
Pool 2 90.2 m
Pool 3 43.5 m
Table 2. Steady State at the Beginning and End of the Experiments
Parameter Value
Qappr 60 L=s
Sp1 85 cm
Sp2 70 cm
Sp3 55 cm
G1 7.4 cm
G3 12.6 cm
G5 11.8 cm
W4 35 cm
Fig. 1. Schematic view of a canal pool
© ASCE 04014054-2 J. Irrig. Drain Eng.
 J. Irrig. Drain Eng., 2015, 141(3): 04014054 
D
ow
nl
oa
de
d 
fro
m
 a
sc
el
ib
ra
ry
.o
rg
 b
y 
U
ni
v 
Po
lit
ec
 C
at
 o
n 
06
/2
3/
16
. C
op
yr
ig
ht
 A
SC
E.
 F
or
 p
er
so
na
l u
se
 o
nl
y;
 al
l r
ig
ht
s r
es
er
ve
d.
The basic idea of the integrator resonance (IR) model is that the
transfer function between the downstream water level and the up-
stream discharge HIRðsÞ, that is p21 in the matrix formulation of
Eq. (2), is a third-order system: a second-order function with res-
onance (underdamped) and an integrator
HIRðsÞ ¼
1
As · s
zﬄ}|ﬄ{Integrator
·
ω20
s2 þ 2 · ζ · ω0sþ ω20
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{Resonance
ð3Þ
The parameters of the transfer function—the frequency (ω0), the
damping (ζ), and the resonance peak (M)—can be expressed as
ω0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8gH0
X2
r
ð4Þ
ζ ¼
ﬃﬃﬃﬃﬃ
2g
p
Q0X
4C2z0R0T0H
2=3
0
ð5Þ
Mðω0Þ ¼

8gH0
T0X3
−jω30 − 2gQ0C2z0R0H0 ω20 þ
8 gH
X2 jω0
 ¼ C
2
z0R0H0
2gQ0X
ð6Þ
where H0 = reference water level; g = acceleration of gravity; X =
length of the canal pool; Q0 = reference discharge; Cz0 = celerity;
R0 = hydraulic radius; and T0 = top width. Using Eqs. (4)–(6),
the downstream hiðsÞ and upstream huiðsÞ water levels can be
expressed as
hiðsÞ ¼
1
Ass
ω20
s2 þ 2ζω0sþ ω20
qiðsÞ
− 1
0.5Ass

1 − ω
2
02
s2 þ 2ζω0sþ ω20

qiþ1ðsÞ þ
Q20
A2sMr
s2
þ 2ζω0sþ ω20 ð7Þ
huiðsÞ ¼
1
0.5Ass

1 − ω
2
02
s2 þ 2ζω0sþ ω20

qiðsÞ
þ 1
Ass
ω20
s2 þ 2ζω0sþ ω20
qiþ1ðsÞ þ
Q20
A2sMr
s2 þ 2ζω0s
þ ω20 ð8Þ
The parameters in these equations can be calculated or obtained
by identification experiments described in Clemmens et al. (2012)
and improved in van Overloop and Bombois (2012). In this paper
the resonance characteristics were calculated as detailed in
Clemmens et al. (2012). The numerical values are summarized
in Table 3.
Gate Modeling
In the previous sections models were obtained between the dis-
charges and the water levels. In order to include the gate opening
in the state spaces, the gates have to be modeled. Here, as they
always work under submerged flow conditions, they are modeled
by the classical submerged gate equation
QðtÞ ¼ CdLðtÞB
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2g½H1ðtÞ −H2ðtÞ
p
ð9Þ
where Q = discharge under the gate; Cd = discharge coefficient;
L = gate opening; B = width of the gate; g = acceleration of gravity;
H1 = water level upstream; and H2 = water level downstream.
The variables used for the gate modeling are shown in Fig. 2. This
equation can be linearized around the steady state Q0, L0,
H10, H20
qiðtÞ ¼ kliðtÞliðtÞ þ khiðtÞhði−1ÞðtÞ þ khuiðtÞhuiðtÞ ð10Þ
where qi = upstream discharge of the ith pool; li = gate opening of
the gate at the upstream end of the ith pool; hði−1Þ = downstream
water level of the canal pool upstream of the given pool [that is, the
ði − 1Þth pool]; and hui = upstream water level of pool i. Variables
kli, khi, and khui are the corresponding coefficients obtained during
the linearization. The coefficients of the linear gate equation are
time dependent. This indicates that the gate equation is linearized
at every control time step.
State Space Formulation
For both models the state space is constructed in the following
discrete form:
xðkþ 1Þ ¼ AðkÞxðkÞ þ BðkÞuðkÞ þBdðkÞdðkÞ ð11Þ
where x (size n × 1) = state vector; u (size m × 1) = control action
variable; and d = disturbance vector containing the known changes,
the discharge and setpoint changes. MatricesA (n × n), B (n ×m),
and Bd (n × nbd) are calculated from the given transfer functions
depending on the model; their calculation will be explained one by
one for each case. Variable n is the number of the states, m is the
number of the inputs, and nbd is the number of disturbances.
The time step of the discretization is 10 s.
State Space Formulation of Model 1: Using Discharge as
Control Action Variable
In the following the construction of the state space for Model 1,
that is, when discharge is the control action variable, is detailed.
The transfer function expressing the downstream water level
[Eq. (7)] is discretized using zero-order hold sampling. The result-
ing equation in the z domain has the form as
Table 3. Calculated Parameters of the IR Model of the UPC-PAC
Pool
Backwater
area As (m2)
Travel
time TR (s)
Resonance
frequency ωR (rad=s)
Resonance
peak MR (s=m2)
1 37.5 60 0.105 5.46
2 37.8 75 0.084 3.39
3 19.1 38 0.167 1.45 Fig. 2. Variables for one sluice gate
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hi ¼
paz2 þpbz1 þpc þpdz−1
z3 þpez2 þpfzþpg
qi −phz
2 þp1i zþpj þpkz−1
z3 þpez2 þpfzþpg
qiþ1
−phz
2 þp1i zþpj þpkz−1
z3 þpez2 þpfzþpg
qoffi þ
pl
z3 þpez2 þpfzþpg
ð12Þ
where hi = downstream water level; qi = upstream discharge;
and qiþ1 = downstream discharge of the canal pool. Variable
qoffi is the discharge of an offtake located downstream, therefore
the transfer function for the offtake discharge is the same as the
transfer function for the downstream discharge. The coefficients
pa, pb, pc, pd, pe, pf , pg, ph, pi, pj, pk are obtained from
the discretization of the IR model for the downstream water level,
shown in Eq. (7). The values of these coefficients for the UPC-PAC
are shown in the Appendix.
In order to be able to develop the minimization for the water
level deviation from the set point, the state space containing the
water level error is used instead of the water level
eiðkÞ ¼ hiðkÞ − hspiðkÞ ð13Þ
where hspi = set point of the ith pool. Applying the inverse
z-transform, Eq. (12) can be written in the discrete time
domain; combined with Eq. (13) the water level error can be
expressed as
eiðkþ 1Þ ¼ −peieðkÞ − pfieiðk − 1Þ − pgieiðk − 2Þ − hispðkþ 1Þ
− peihspiðkÞ − pfihspiðk − 1Þ − pgihspiðk − 2Þ
þ paiqiðkÞ þ pbiqiðk − 1Þ þ pciqiðk − 2Þ
þ pdiqiðk − 3Þ − phiqiþ1ðkÞ − piiqiþ1ðk − 1Þ
− pjiqiþ1ðk − 2Þ − pkiqiþ1ðk − 3Þ − phiqoffiðkÞ
− piiqoffiðk − 1Þ − pjiqoffiðk − 2Þ − pkiqoffiðk − 3Þ
þ pli ð14Þ
Now the matrices in Eq. (11) can be constructed using Eq. (14).
Here they are shown for one canal pool, but they can be generalized
to any number of canal pools.
The state vector contains the discharges and water level
errors
xm1ðkÞ ¼ ½ qiðkÞ qiðk − 1Þ qiðk − 2Þ eiðkÞ eiðk − 1Þ eiðk − 2Þ T
ð15Þ
The control action variable is the discharge
um1ðkÞ ¼ ΔqiðkÞ ð16Þ
where ΔqiðkÞ = change in discharge and can be written as
qiðkþ 1Þ ¼ qiðkÞ þΔqiðkÞ ð17Þ
Using Eqs. (14) and (17), the matrices of Eq. (11) are
Am1 ¼
2
6666664
1 0 0 0 0 0
1 0 0 0 0 0
0 1 0 0 0 0
pai pbi pci −pdi −pei −pfi
0 0 0 1 0 0
0 0 0 0 1 0
3
7777775
ð18Þ
Bm1 ¼ ½ 1 0 0 0 0 0 T ð19Þ
Bdm1 ¼
2
66666666664
0 0 0 0
0 0 0 0
0 0 0 0
0 −pgi −phi −pii
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
−1 −pdi −pei −pfi
0 0 0 0
0 0 0 0
3
77777777775
ð20Þ
dm1ðkÞ ¼ ½ qoffiðkþ 1ÞqoffiðkÞ qoffiðk − 1Þ qoffiðk − 2Þ
×hspiðkþ 1ÞhspiðkÞhspiðk − 1Þhspiðk − 2ÞT ð21Þ
The disturbance matrix dm1 contains the known disturbances;
qoffi is the offtake discharge and hspi is the set point of the ith
pool. The numerical value of the coefficients is shown in the
Appendix.
State Space Formulation of Model 2: Using Gate Opening as
Control Action Variable
While in the formulation of the state space of Model 1 where
the discharge is the control action variable only Eq. (7) is used,
in this case two more equations are needed: one expressing the
upstream water level in a canal pool [Eq. (8)] and the gate
Eq. (10).
As before, all these equations are discretized using zero-order
hold sampling. The discretized form of Eq. (7) is the same as
Eq. (12) in the previous section. The discretized form of the gate
equation is the following:
qiðkþ 1Þ ¼ kliliðkþ 1Þ þ kh1ihuiðkÞ þ kh2ihspi−1ðkÞ
þ kh2iei−1ðkÞ ð22Þ
where i = number of the canal pool. In order to obtain the discrete
representation of the equation of the upstream water level, Eq. (8) is
discretized as
huiðkþ 1Þ ¼ −peihuiðkÞ − pfihuiðk − 1Þ − pgihuiðk − 2Þ
þ pmiqiðkÞ þ pniqiðk − 1Þ þ poiqiðk − 2Þ
þ ppiqiðk − 3Þ − pqiqiþ1ðkÞ − priqiþ1ðk − 1Þ
− psiqiþ1ðk − 2Þ − ptiqiþ1ðk − 3Þ − pqiqoffiðkÞ
− priqoffiðk − 1Þ − psiqoffiðk − 2Þ − ptiqoffiðk − 3Þ
þ pui ð23Þ
where pm, pn, po, pp, pq, pr, ps, pt coefficients are obtained from
the IR model. The numerical value of the coefficients is shown in
the Appendix.
A state space model can be constructed in the form of Eq. (11).
The matrices are explained for a two-pool canal; the formulation for
a three-pool canal is similar. Now the state additional to the state in
Model 1 Eq. (15) contains the water levels in the upstream and of
the downstream pool and the gate openings
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xm2ðkÞ ¼
2
666666666666666666666666666666666666666664
q1ðkÞ
q1ðk − 1Þ
q1ðk − 2Þ
q1ðk − 3Þ
e1ðkÞ
e1ðk − 1Þ
e1ðk − 2Þ
hu1ðkÞ
hu1ðk − 1Þ
hu1ðk − 2Þ
l1ðkÞ
q2ðkÞ
q2ðk − 1Þ
q2ðk − 2Þ
q2ðk − 3Þ
e2ðkÞ
e2ðk − 1Þ
e2ðk − 2Þ
hu2ðkÞ
hu2ðk − 1Þ
hu2ðk − 2Þ
l2ðkÞ
3
777777777777777777777777777777777777777775
ð24Þ
As for Model 1, the control action variable is also incremental
um2ðkÞ ¼ ½Δl1ðkÞ Δl2ðkÞ T ð25Þ
where ΔliðkÞ = change in gate opening and can be written as
liðkþ 1Þ ¼ liðkÞ þΔliðkÞ ð26Þ
The state matrix Am2 is detailed in blocks
Am2ðkÞ ¼

Am211 Am212
Am221 Am222

ð27Þ
Am211ðkÞ ¼
2
66666666666666664
0 0 0 0 0 0 0 0 0 0 kl1
1 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0
pa1 pb1 pc1 pd1 −pe1 −pf1 −pg1 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0
pm1 pn1 po1 pp1 0 0 0 −pe1 −pf1 −pg1 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 1
3
77777777777777775
ð28Þ
Am212ðkÞ ¼
2
66666666666666664
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
−ph1 −pi1 −pj1 −pk1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
−pq1 −pr1 −ps1 −pt1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
3
77777777777777775
ð29Þ
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Am221ðkÞ ¼
2
66666666666666664
0 0 0 0 kh12 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
3
77777777777777775
ð30Þ
Am222ðkÞ ¼
2
66666666666666664
0 0 0 0 0 0 0 kh22 0 0 kl2
1 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0
pa2 pb2 pc2 pd2 −pe2 −pf2 −pg2 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0
pm2 pn2 po2 pp2 0 0 0 −pe2 −pf2 −pg2 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 1
3
77777777777777775
ð31Þ
The blocks Am212 and Am221 represent the interaction between pools. In the case of Model 1, these blocks were zero, and only
the matrix along the diagonal of Eq. (27) was present. Then finally the matrix Bm2 and the matrix for the disturbances Bdm2 is
detailed
Bm2 ¼

kl1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 kl1 0 0 0 0 0 0 0 0 0 1

T
ð32Þ
dm2ðkÞ ¼
2
666666666666666666666666666666666664
qoff1ðkþ 1Þ
qoff1ðkÞ
qoff1ðk − 1Þ
qoff1ðk − 2Þ
hsp1ðkþ 1Þ
hsp1ðkÞ
hsp1ðk − 1Þ
hsp1ðk − 2Þ
1
qoff2ðkÞ
qoff2ðkþ 1Þ
qoff2ðk − 1Þ
qoff2ðk − 2Þ
hsp2ðkþ 1Þ
hsp2ðkÞ
hsp2ðk − 1Þ
hsp2ðk − 2Þ
1
3
777777777777777777777777777777777775
ð33Þ
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Bdm2ðkÞ ¼
2
666666666666666666666666666666666666664
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
−ph1 −pi1 −pj1 −pk1 −1 −pe1 −pf1 −pg1 −pl1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
−pq1 −pr1 −ps1 −pt1 0 0 0 0 pu1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 kh12 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 −ph2 −pi2 −pj2 −pk2 −1 −pe2 −pf2 −pg2 −pl2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 −pq2 −pr2 −ps2 −pt2 0 0 0 0 pu2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3
777777777777777777777777777777777777775
ð34Þ
Because all these matrices contain coefficients of the linear gate
equation like kl1, kh12, kh12, these coefficients are updated at every
control time step. Therefore in this formulation the previously writ-
ten matrices are time dependent.
Comparison of the Two Modeling Approaches in Time
Domain
In order to show the difference between the two approaches, Model
1 discharge as control action variable and Model 2 gate equation
incorporated in the state space model, a step response tests is car-
ried out. Two open-loop tests are carried out to see how the two
different models respond. Only one movement is carried out in
the indicated structure, all the other gates are at rest.
First, the discharge, or in case of Model 2 the corresponding
gate opening, is increased for Gate 1. This increase has a step
nature, the value is increased and then it stays at that new value.
The responses are compared to the numerical solution of the
Saint-Venant (SV) equations, solved by the one-dimensional
(1D) hydrodynamic simulator simulation of irrigation canals
(SIC) (Malaterre and Baume 1997). The result of the test for Model
1 is shown in Fig. 3 and for Model 2 in Fig. 4. As Gate 1 is opened,
the water level increased in all the canal pools after a certain time
delay. This is shown by the SV model. For Model 1, the increase is
only seen in Pool 1, but no effect is seen in the other pools. How-
ever, Model 2 reproduced the effect in all the canal pools.
A similar open-loop step response test is carried out but instead
of the first gate, the last gate is opened. The response of Model 1 is
compared with the SV model response in Fig. 5. Model 1 repro-
duced the shape and the final value of the step at Pool 3, and the
shape of the beginning of the response in Pool 2. However, at Pool
1 it did not show any water level change, while in Fig. 6 Model 2
was able to reproduce the shape of the step response in all the pools.
In both cases, Model 2 is able to represent the interactions be-
tween the canal pools better. From this motivation, the use of this
model as internal model of centralized MPC is considered.
Control Formulation
The developement of the model predictive controller is based
on Camacho and Bordons (1998) and van Overloop (2006). Using
the model from Eq. (11), the following objective function is
minimized:
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Fig. 3. Step response of Model 1 to a step at Gate 1, with dashed line
the response of the SVequations and with continuous line the response
of the IR model: (a) Pool 1; (b) Pool 2; (c) Pool 3
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Fig. 4. Step response of Model 2 to a step at Gate 1, with dashed line
the response of the SVequations and with continuous line the response
of the IR model: (a) Pool 1; (b) Pool 2; (c) Pool 3
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min
U
J ¼
Xλ
j¼1
xðkþ jjkÞTPjxðkþ jjkÞ
þ
Xλ−1
j¼0
uðkþ jjkÞTRjuðkþ jjkÞ xmin < x < xmax
umin < u < umax ð35Þ
where U = control action during all the prediction horizon (λ)
U ¼
2
666664
uðkjkÞ
uðkþ 1jkÞ
uðkþ 2jkÞ
: : :
: : :
uðkþ λ − 1jkÞ
3
777775 ð36Þ
Pn×nj and R
m×m
j matrices such that
Pj ¼
2
64
p1 0 0 0
0 p2 0 0
0 0 : : : 0
0 0 0 pn
3
75 ð37Þ
Rj ¼
2
64
r1 0 0 0
0 r2 0 0
0 0 : : : 0
0 0 0 rm
3
75 ð38Þ
In this paper all weighing matrices Pj and Rj are chosen to be
equal and diagonal, Pj ¼ P for j ¼ 1,2; : : : ; λ and Rj ¼ R for
j ¼ 0,1; : : : ;λ − 1. In other words, the weights of the optimization
do not change during the prediction horizon. The matrixR contains
the corresponding weights to the input, the matrix P contains the
weights on the state. In this case the input is the change in dis-
charge, therefore matrix R penalizes the changes in discharge.
Matrix P penalizes the state. The authors chose to penalize the cur-
rent water level error [eiðkÞ], therefore only the diagonal elements
of P corresponding to the current water levels in the state are non-
zero. The weights on the water level error and change in discharge
are chosen using Bryson’s rule (Bryson and Ho 1969): the weights
are the reciprocals of the squares of the maximum allowed values.
For example, if the maximum allowed water level error is chosen to
be 3 cm (eMAVE ¼ 0.03 m), then the corresponding entry of the
weighing matrix P can be expressed as
pi ¼
1
eMAVE2
ð39Þ
The penalties for the change in input discharge (the entries of P)
are expressed in the same way. The weights used for the experi-
ments are summarized in Table 4.
Regarding the tuning of the controllers, it is a challenging task to
give fair comparison when tuning is applied. In Malaterre and
Baume (1999) different tuning values have been used and the best
scenario is selected. In this case the authors decided to use the fol-
lowing methodology to achieve the best performance for the con-
trollers: the error on the water level (eMAVE) was set to be the
same for both controllers and the weight on the control action
was changed. For the tuning of the weight on the control action
variable, numerical experiments have been used. In both cases,
the weight was decreased until instability occurred, when visually
the control action started to oscillate. The limiting value before
these oscillations appeared was used as weight.
Description of the Experiments
All tests were carried out at the experimental canal, UPC-PAC. The
test scenarios are established in order to test the predictive control-
lers during this work. There are four tests, detailed in Table 5.
All tests start and finish with the steady state conditions shown
in Table 2. The discharge is approximately (Qappr) 60 L=s. The set
point of the water level in the first pool (Sp1) is 85 cm, in the second
pool is 70 cm (Sp2), and in the third pool (Sp3) is 55 cm. The gate
openings are set to achieve the given water levels in each pool,
shown in columns Gate 1 (G1), Gate 2 (G2), and Gate 5 (G5).
The height of the final weir (W4) was set to 35 cm.
Test 1: Set Point Changes
This test contains three set point changes: first in Pool 1, then in
Pool 2, and finally in Pool 3. In the first two cases the set point
0
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Fig. 5. Step response of Model 1 to a step at Gate 3, with dashed line
the response of the SVequations and with continuous line the response
of the IR model: (a) Pool 1; (b) Pool 2; (c) Pool 3
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Fig. 6. Step response of Model 2 to a step at Gate 3, with dashed line
the response of the SVequations and with continuous line the response
of the IR model: (a) Pool 1; (b) Pool 2; (c) Pool 3
Table 4. Tuning Parameters of the Controllers eMAVE and duMAVE
Test name eMAVE duMAVE
Set point change—discharge 0.03 0.01
Disturbances—discharge 0.03 0.03
Set point change—gate opening 0.03 0.015
Disturbances—gate opening 0.03 0.009
Note: duMAVE = maximum allowed value estimate for the control action
variable; eMAVE = maximum allowed value estimate for the water level
error.
Table 5. Summary of the Four Tests
Known or unknown Set point change Disturbance
Known Test 1 Test 2
Unknown Test 3 Test 4
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changes by 10 cm and then goes back to the original state, while in
the third case the set point changes only 5 cm. These changes are
more than 10% of the water level, hence it is a challenging task for
the controller. Table 6 shows the test step by step. The columns Sp
show the actual set points, and the columns W and Qw show the
properties of the weirs. Variable Qw gives the approximation of the
weir discharge, whileW gives the height of the weir. In this test all
offtakes are closed, the weir height is at its maximum of 90 cm.
There is flow only over Weir 4, which is the flow leaving the canal.
Test 2: Unknown Set Point Change
The set point changes in Test 2 are the same as in Test 1, but they
are unknown for the controller. In case of set point change, un-
known means that the set point change is not known beforehand,
only at the moment of its occurrence.
Test 3: Reaction to Disturbances
The disturbance rejection was tested by using the lateral weirs
(Table 7). In this test two disturbances are used: first, after
30 min the weir at the downstream end of Pool 1 is opened. After
30 min more, that is, at 60 min, it is closed and then the system
has 30 min more to recover. After this time, at 90 min, the weir
at the end of the second pool is opened for 30 min. The offtake
is closed at 120 min and the test is finished at 150 min. In both
cases the offtake discharge is 20 L=s. This is one-third of the actual
discharge (approximately 60 L=s), hence it is a considerable
disturbance for the controller to tackle.
Test 4: Unknown Disturbances
Test 4 is similar to Test 3, but the disturbances are unknown for the
controller during all the simulation.
Experimental Results
The effect of the choice of control action variables for centralized
model predictive controller of irrigation canals was investigated.
Centralized controllers were developed using both variables and
tested experimentally using four scenarios: (1) known set point
change, (2) unknown set point change, (3) known disturbances,
and (4) unknown disturbances. The algorithms were implemented
using the SCADA system of the UPC-PAC developed in MATLAB
2010. The plotted water levels are the measurements obtained from
the SCADA system during the experiments.
Figs. 7 and 8 show the results of using discharge as control ac-
tion variable for known set point changes and known disturbances.
In both cases the controller performs well, all set points are tracked,
and the set points are restored after the known disturbances
occurred.
However, for unknown set point change test (Fig. 9) and un-
known disturbance test (Fig. 10), this method produces a steady
state offset. For the unknown set point change test in Fig. 9, the
third set point change is not carried out at all: the water level in
Pool 3 should have been 60 cm (as shown by the dashed line),
but the controller was not acting. Similar problems can be seen
for the unknown disturbance test in Fig. 10. When the unknown
offtake in Pool 1 is open, the water level changes and the controller
does not keep it at set point. The same phenomenon can be seen
when the offtake is open in Pool 2: neither the water level of Pool 2
nor the water level of Pool 1 is kept at set point.
The same experiments were carried out using the linearized gate
equation combined into the state space model. Figs. 11 and 12
show the result for the known changes test. These test results
Table 6. Set Point Change Test
Time
(min)
Qappr
L=s
Sp1
(cm)
Sp2
(cm)
Sp3
(cm)
W1
(cm)
Qw1
L=s
W3
(cm)
Qw3
L=s
W4
(cm)
0 60 85 70 55 90 0 90 0 35
30 84 85 70 60 90 0 90 0 35
60 60 85 70 55 90 0 90 0 35
90 60 85 60 55 90 0 90 0 35
180 60 85 70 55 90 0 90 0 35
210 60 75 70 55 90 0 90 0 35
240 60 85 70 55 90 0 90 0 35
270 End — — — — — — — —
Table 7. Disturbance Test
Time
(min)
Qappr
L=s
Sp1
(cm)
Sp2
(cm)
Sp3
(cm)
W1
(cm)
Qw1
L=s
W3
(cm)
Qw3
L=s
W4
(cm)
0 60 85 70 55 90 0 90 0 35
30 60 85 70 55 75 20 90 0 35
60 60 85 70 55 90 0 90 0 35
90 60 85 70 55 90 0 60 20 35
120 60 85 70 55 90 0 90 0 35
150 End — — — — — — — —
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Fig. 8. Known disturbance test using discharge as control action vari-
able; the continuous lines are the measured water levels in the three
pools, the horizontal dashed lines are the set point, and the vertical
dashed lines are the time when the disturbance occurred is indicated
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Fig. 7. Known set point change test using discharge as control action
variable; the continuous lines are the measured water levels in the three
pools, the dashed lines are the set point
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do not show considerable differences compared with the method
using discharge as control action variable: the set point change tests
(Figs. 9 and 11) show similar results. Similar responses can be
observed in the known disturbance tests: the results using the
discharge as control action variable (Fig. 10) are similar to the re-
sults when gate opening is used (Fig. 12).
Comparing the unknown tests, the better performance of the
model using the gate openings as control action variable can clearly
be noticed. The difference between the set point change test with
discharge (Fig. 9) and gate opening (Fig. 13) as control action var-
iable is clearly visible: while the setpoint change in Pool 3 between
150 and 180 min was not carried out at all, the controller using the
gate openings was able to carry out the set point change.
Similar advantages can be observed in the comparison of the
unknown disturbance test. While the controller having discharge
as control action variable (Fig. 10) was not able to maintain the
desired setpoints, the controller using the gate opening (Fig. 14)
was able to keep the setpoints in all pools: after the disturbances
occurred, the water level returned to set point within less than
10 min.
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Fig. 10. Unknown disturbance change test using discharge as control
action variable; the continuous lines are the measured water levels in
the three pools, the horizontal dashed lines are the set point, and the
vertical dashed lines are the time when the disturbance occurred is
indicated
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Fig. 11. Known set point change test using gate opening as control
action variable; the continuous lines are the measured water levels
in the three pools, the dashed lines are the set point
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Fig. 12. Known disturbance test using gate opening as control action
variable; the continuous lines are the measured water levels in the three
pools, the horizontal dashed lines are the set point, and the vertical
dashed lines are the time when the disturbance occurred is indicated
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Fig. 13. Unknown set point change test using gate opening as control
action variable; the continuous lines are the measured water levels in
the three pools, the dashed lines are the set point
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Fig. 9.Unknown set point change test using discharge as control action
variable; the continuous lines are the measured water levels in the three
pools, the dashed lines are the set point
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Discussion
Two different approaches for control action variables have been
implemented and tested experimentally with centralized model
predictive controllers on a canal containing three short pools.
During the experiments, in several cases, especially in case of
unknown changes, the controller using gate openings have per-
formed better.
Because both the approach of building the state space and tun-
ing the controller are similar, one might conjecture that this differ-
ence of performance is due to the use of an internal model that is
able to represent better the behavior of the plant. In fact, when the
modeling ability of the disturbance propagation was examined in
“Description of the Experiments,” the model using gate openings
performed better: it was able to model the effect of a step not only in
the neighboring pool, but also further upstream or downstream.
MPC calculates a trajectory of controlled variable during the pre-
diction horizon using the measured values and the internal model.
The calculated control action is computed to realize this trajectory.
If the internal model describes better the system, the implemented
control action more likely yields the desired result.
This might explain the better performance of Model 2 for
centralized model predictive control: in this case the controller
has more information and it can better approximate the variables
over the prediction horizon.
Different Kind of Canal Pools
In this paper only one type of canal pools is discussed, so-called
short canal pools: these are canal pools completely affected by
backwater and prone to resonance. The motivation for using the
gate openings as control action variables is coming from the inter-
action between canal pools; by modeling the gates they can be re-
produced better. In case of long canal pools, these interactions are
less strong. In other words, when a disturbance from downstream
might not always reaches the upstream end of each pool, the use of
this kind of modeling might not bring so many advantages. There-
fore the findings cannot be generalized in a straightforward manner
to other types of canal pools.
Relationship between the Results and the Control
Configuration
The presented results and conjectures are valid for centralized con-
figuration. As published in Malaterre and Baume (1999), the effect
of the choice of control action variables is different in case of
decentralized configuration. What would be the effect in the dis-
tributed case cannot be deduced from this study and would be a
possible question to study.
Nonlinearity of the Gates
The use of gate opening as control action variables involves the use
of linearized gate equations. The nonlinearity depends on the type
of structure and the operation conditions. Here sluice gates were
used with a normal operating conditions, which caused the linear-
ized coefficients to vary to a considerable extent. The gate equation
is linearized at every control time step, therefore the error due to the
nonlinearity only appears in the prediction horizon. The extent of
the nonlinearity depends on the type of hydraulic structures and the
current conditions. In any event, only the first calculated action of
the controller is implemented, then control actions are recalculated
again with the new linearized conditions for another prediction
horizon.
Conclusions
In this paper the choice of control action variables for irrigation
canals have been analyzed. For decentralized control, the use of
discharge as control action variable was suggested by Malaterre
and Baume (1999). In this paper the choice of control action var-
iables for centralized control, more specifically centralized model
predictive control for short resonant canals, was analyzed. The
analysis was supported by experiments on a laboratory canal.
Based on the analysis and the experiments, the use of gate opening
as control action variable might be more advantageous for this kind
of canal pools. In this case, the model for the controller can take
into account the interaction between canal pools and this better
modeling can improve how the controller can tackle the steady state
offset.
Further research can include the investigation into different kind
of canal pools having different flow condition and also the choice
of control action variables for distributed control.
Appendix. Numerical Values of the Calculated Transfer Functions
Pool pa pb pc pd pe pf pg ph pi pj pk pl pm pn po pp pq pr ps pt pu
1 0.042 0.151 0.038 0.000 −1.920 1.730 −0.810 0.477 −0.629 0.383 0.000 0.000 0.477 −0.629 0.383 0.000 0.042 0.151 0.038 0.000 0.000
2 0.028 0.102 0.025 0.000 −2.242 2.020 −0.778 0.550 −0.820 0.425 0.000 0.000 0.550 −0.820 0.425 0.000 0.028 0.102 0.025 0.000 0.000
3 0.000 0.000 0.000 0.523 −1.000 0.000 0.000 0.523 0.000 0.000 0.000 0.000 0.523 0.000 0.000 0.000 0.000 0.000 0.000 0.523 1.000
Note: Calculated coefficients of the state space models.
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Fig. 14. Unknown disturbance change test using gate opening as
control action variable; the continuous lines are the measured water
levels in the three pools, the horizontal dashed lines are the set point,
and the vertical dashed lines are the time when the disturbance occurred
is indicated
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